Introduction
============

Stress by any aversive stimulus, is a state of threatened homeostasis provoked by a psychological, environmental, or physiologic stressor and the ability to cope with such stressful stimuli is a crucial determinant of health and disease. Stress responses are regulated by interactions between physiological and neurochemical factors. Physical or psychological stress induce changes in hypothalamic--pituitary--adrenal axis which culminates with glucocorticoids and chemical mediators release including adrenocorticotropic hormone (ACTH), norepinephrine (NE), serotonin, dopamine, and acetylcholine (Nadeem et al., 2006\[[@R30]\]; Chakraborti et al., 2008\[[@R11]\]; Goncalves et al., 2008\[[@R18]\]). The metabolism of norepinephrine and dopamine leads to production of free radicals and reactive oxygen species (ROS). Glucocorticoids may increase the basal level of ROS in cells and also increase the toxicity of oxygen radical generators (Uysal et al., 2005\[[@R46]\]).

Understanding the molecular and cellular pathways activated in response to stress exposure is important for the development of pharmacological intervention to stress-induced diseases. One of the important mechanisms of action of stress is production of ROS, which can react with biological macromolecules such as DNA, proteins, carbohydrates and lipids. The ROS in the cells are neutralized by antioxidant defense system including superoxide dismutase (SOD), catalase (CAT), glutathione S-transferase (GST) and glutathione (GSH). Oxidative stress is the result of an imbalance between oxidants and antioxidants (Nadeem et al., 2006\[[@R30]\]; Kamper et al., 2009\[[@R22]\]). Several studies have shown that the alteration of antioxidant enzyme activities in different kinds of stress were associated with a depletion of GSH and an increase of lipid peroxidation, all of which can lead to oxidative stress and finally cell death (Pajovic et al., 2006\[[@R31]\]; Depke et al., 2009\[[@R12]\]; Lucca et al., 2009\[[@R25]\]; Ahmad et al., 2012\[[@R2]\]).

The ability to neutralize oxidant species differs in various tissues and stress models (Stojiljkovic et al., 2005\[[@R42]\]; Sahin and Gumuslu, 2007\[[@R36]\]; Kamper et al., 2009\[[@R22]\]). The oxidative injury appearing after stress exposure is not well understood. To the best of our knowledge, there is no data on time-dependent effect of acute and chronic physical and psychological stresses on antioxidant defense system in the liver. In the present study we tried to look at this effect with GSH concentration measurement, as well as assessing the activities of antioxidant enzymes (SOD, CAT and GST) and malondialdehyde (MDA) as an important index of lipid peroxidation in liver after two stress model exposure.

Materials and Methods
=====================

Chemicals
---------

Reduced glutathione (GSH), Nitro-bluetetrazolium (NBT), 1-chloro-2,4-dinitrobenzene (CDNB) and 5,5\'-dithiobis 2-nitrobenzoic acid (DTNB) were obtained from Sigma Chemical Company. All other chemicals used were of extra pure grade and obtained from Sigma and Merck.

Animals
-------

Male Wistar rats (170-190 g, 2.5-3 months old) were obtained from Pasteur Institute (Tehran, Iran). Rats were housed 3 per cage and acclimated for at least 1 week prior to experimental use. All animals were fed a standard food (Pars Company of animal food producer, Iran) and water *ad libitum* and kept in a temperature-controlled room (20 to 22 °C) with a 12 h light/12 h dark cycle. All procedures were approved by the Animal Care and Use Committee of the Neuroscience Research Center, Shahid Beheshti University of Medical Sciences, Iran.

Stress protocol
---------------

Rats were randomly divided into 3 groups of 12 animals each as following: control group, physical and psychological stress groups. A communication box was used as stress stimulus device. This device is divided into nine compartments (16×16 cm) by transparent plastic sheets. In each session, five rats were exposed to physical stress by the electrical foot-shock (1 mA, 1 Hz) for a 10 s duration every 60 s (1 h/d) through the stainless steel grids. Four remaining animals in the other compartments were exposed to psychological stress by watching and hearing the struggle, jumping, and vocalization of the animals under foot-shock stress (Endo et al., 2001\[[@R14]\]). The animals of the stressed group were subdivided into acutely (1 day exposure to stress) and chronically stressed (15 and 30 days exposure to stress) groups. The animals of the control group had the same subgroups. These animals were placed in the box (1 h/d) without receiving any stress. The weight of the animals was recorded on the 1^st^, 15^th^, and 30^th^ day of the experimental period.

Plasma and tissue preparation
-----------------------------

At the end of the experimental periods, rats were anesthetized with diethyl ether, and blood samples were collected by cardiac puncture in tube containing 0.5 % heparin as the anticoagulant and immediately centrifuged at 1500×g for 10 minutes at 4 °C. Plasma were separated from erythrocytes and stored in 0.5 ml aliquots at --70 °C freezer for measurement of the corticosterone concentration. The liver was immediately removed, washed in ice-cold phosphate buffer saline (PBS). Washed tissues were immediately immersed in liquid nitrogen and stored at -70 °C until biochemical analysis.

On the day use, frozen tissue samples were quickly weighed and homogenized 1:10 in ice-cold 50 mM potassium phosphate buffer (pH 7.4) containing 1 mM EDTA. The homogenates were then centrifuged at 16000×g for 15 min at 4 °C. The supernatants were separated and used for enzyme activities assays and protein determination.

Measurement of plasma corticosterone level
------------------------------------------

Plasma corticosterone level was measured using the corticosterone Elisa kit (DRG, Germany). The plasma corticosterone was expressed as nmol/mL using corticosterone standards prepared.

SOD activity assay
------------------

The activity of SOD was determined using the method described by Winterbourn et al. (1975\[[@R47]\]) based on the ability of SOD to inhibit the reduction of NBT by superoxide. The absorbance of samples was read on a Genesys 10 UV spectrophotometer at 560 nm for 5 min. The amount of enzyme required to produce 50 % inhibition was taken as 1 U and results were expressed as U/mg protein.

CAT activity assay
------------------

CAT activity in tissue homogenates was measured spectrophotometrically at 240 nm by calculating the rate of degradation of H~2~O~2~ as the substrate of the enzyme using the method of Aebi, 1984\[[@R1]\]. A molar absorption of 43.6 Mcm^-1^ was used to determine CAT activity. Enzymatic activity was expressed as U/mg protein, one unit (U) of which was equal to 1 mole of H~2~O~2~ degraded/min/mg of protein.

GST activity assay
------------------

GST activity was assayed by monitoring the formation of the thioether product of the reaction between GSH and CDNB at 340 nm (Habig and Jakoby, 1981\[[@R19]\]). The enzyme activity was calculated using extinction coefficient 9.6 mM cm^-1^ and expressed as µmol CDNB utilized/min/mg protein.

Determination of GSH level
--------------------------

GSH level was measured using the method of Tietz (1969\[[@R45]\]). GSH in the supernatant was assayed at 412 nm by monitoring the absorbance of DTNB for 5 min. GSH levels were determined from a standard curve and expressed as nmol/mg protein.

Determination of MDA level

Liver MDA level as an indicator of lipid peroxidation was determined at 532 nm using 2-thiobarbituric acid according to the method of Satoh (1978\[[@R41]\]). MDA concentrations were determined using 1,1,3,3-tetraethoxypropane as standard and expressed as nmol/mg protein.

Protein level assay
-------------------

The total protein contents of the samples were measured by Bradford's method (1976\[[@R9]\]) using bovine serum albumin as standard.

Results
=======

Effects of stress on the body weight
------------------------------------

The changes in the body weight of control and stressed rats during various experimental periods are given in Figure 1[(Fig. 1)](#F1){ref-type="fig"}. The body weights of both control and stressed rats had a rising trend. The weights of control and stressed rats showed a significant increase on day 30 as compared to day 1 in the same group. However, on day 30, the weights of physical (p\<0.05) and psychological (p\<0.01) stress groups were significantly less than that of the control group.

Effects of stress on corticosterone level
-----------------------------------------

The effect of acute and chronic physical and psychological stresses on plasma corticosterone level is shown in Figure 2[(Fig. 2)](#F2){ref-type="fig"}. No significant difference was observed between corticosterone level of the control and physical stress groups at any time. The rats of psychological stress group showed significantly higher plasma corticosterone level (36 %) on the 1st day in comparison to the control rats at the same time. This stressed group showed a significant decrease in corticosterone level on the 30^th^ (p\<0.05) day of the experiment compared with the 1st day. In addition, no significant difference was observed between corticosterone levels of the acute and chronic physical and psychological stress groups throughout the trial.

Effects of stress on GSH level
------------------------------

The effect of acute and chronic physical and psychological stresses on liver GSH level is depicted in Table 1[(Tab. 1)](#T1){ref-type="fig"}. GSH level was decreased as 30.03 and 24.58 % by physical stress and 35.05 and 31.05 % psychological stress on the 1^st^ and 15^th^ days of the experiment, as compared to the control rats, respectively. However, the recovery of the parameter was observed in rats of the stressed groups after 30 days.

Effects of stress on antioxidant enzyme activities
--------------------------------------------------

Mean liver SOD activity in control and stressed groups is shown in Figure 3[(Fig. 3)](#F3){ref-type="fig"}. SOD activity was increased in physical (19.44 and 15.30 %) and psychological (24.13 and 18.43 %) stress groups after 1 and 15 days compared to the control on the 1^st^ day, respectively. However, the SOD activity after 30 days was not significant between control and stressed groups.

The alteration of CAT activity in liver rats of the control and stressed groups are presented in Figure 4[(Fig. 4)](#F4){ref-type="fig"}. CAT activity was significantly decreased as 29.74 and 24.41 % in psychological stress group after 1 and 15 days, as compared to the values of the control group on the 1^st^ day. However, the recovery followed suit after 30 days in rats of this stress group. Exposure to physical stress did not change CAT activity at any time point.

The changes of GST activity in the liver of control and stress-treated rats are shown in Figure 5[(Fig. 5)](#F5){ref-type="fig"}. An increase in GST activity was observed in physical (21.84 and 8 %) and psychological (27.77 and 21.27 %) stress groups after 1 and 15 days when compared to the control on the 1^st^ day, respectively. However, there was no significant change observed in GST activity following 30 days of stress exposure in comparison to the control.

Effects of stress on MDA level
------------------------------

The effect of acute and chronic physical and psychological stresses on liver MDA level is depicted in Table 2[(Tab. 2)](#T2){ref-type="fig"}. Liver MDA level was significantly increased in the rats of psychological stress group (46 %) on the 1^st^ day in comparison to the control rats at the same time. This stressed group showed a significant decrease in MDA level on the 30^th^ day of the experiment compared with the 1^st^ day. No significant difference was observed between liver MDA levels of the control and physical stress groups at any times. In addition, no significant difference was observed between MDA level of the acute and chronic physical and psychological stress groups throughout the trial.

Discussion
==========

Several studies have demonstrated that different kinds of stress cause reduction of body weight in experimental animals (Gamaro et al., 2003\[[@R16]\]; Bekris et al., 2005\[[@R5]\]; Zardooz et al., 2006\[[@R50]\]; Lucca et al., 2009\[[@R25]\]). In the present study, the weight of rats in physical and psychological stress groups were significantly less than the control group on the 30^t^h day of the experiment. This may be due to the decreased sweet food consumption in stressed rats (Bekris et al., 2005\[[@R5]\]; Lucca et al., 2009\[[@R25]\]). Exposure to stress increased the activity of corticotropin releasing hormone (CRH), as an anorexigenic neuropeptide, which may lead to a reduction of food intake and consequently lesser weight gain in the stressed rats (Carrasco and Van de Kar, 2003\[[@R10]\]; Zardooz et al., 2006\[[@R50]\]). According to the previous studies, chronic exposure to psychological and social stresses increased both food intake and body weight in male rats and hamsters (Foster et al., 2006\[[@R15]\]; Rostamkhani et al., 2012\[[@R34]\]). A study showed that shaker stress for 7 days in male mice significantly decreased body weight, but had no effect on food intake (Bernatova et al., 2002\[[@R6]\]). Repeated social stress for 6 days increased food intake but decreased weight gain in male rats (Bhatnagar et al., 2006\[[@R7]\]).

Oxidative stress plays a crucial role in the initiation and progression of different diseases such as hepatocyte diseases (Depke et al., 2009\[[@R12]\]; Ahmad et al., 2012\[[@R2]\]). Different kinds of stress can promote the formation of ROS and oxidative stress conditions (Nadeem et al., 2006\[[@R30]\]; Kamper et al., 2009\[[@R22]\]). ROS are neutralized by the antioxidant defense mechanisms. SOD and CAT are the first line of cellular defense against oxidative injury. SOD catalyzes converts the superoxide anion into H~2~O~2~ and CAT degrades H~2~O~2~ to water (Sarumathi and Saravanan, 2012\[[@R40]\]). In the present study, the increased SOD activity and decreased CAT activity in the liver were significantly observed in psychological stress group after both 1 and 15 days. Physical stress significantly increased SOD activity without change in CAT activity on the 1^st^ day of the experiment. However, the recovery of these parameters was observed after 30 days in rats of the stressed groups. The SOD elevation may provide mainly protection against stress induced liver injury. The high SOD activity may be attributed to increased superoxide anion production giving rise to an excess H~2~O~2~ in liver. The decreased or unaltered CAT activity leads to the accumulation of H~2~O~2~, which may be the cause of oxidative stress (Ahmad et al., 2012\[[@R2]\]; Sarumathi and Saravanan, 2012\[[@R40]\]). A study showed that chronic footshock stress for 21 days induced significant increases in brain SOD activity, with concomitant reduction in CAT activity (Bhattacharya et al., 2001\[[@R8]\]). In addition, several studies reported increased SOD and CAT activities (Sahin and Gumuslu, 2004\[[@R35]\]; Uysal et al., 2005\[[@R40]\]; Samson et al., 2007\[[@R39]\]; Ahmad et al., 2012\[[@R2]\]), others claimed decreases (Sarumathi and Saravanan, 2012\[[@R40]\]), while others found no significant differences in various tissues (Sahin et al., 2006\[[@R37]\]) in response to different stress models. We conclude that the response to stress would appear different according to the type, duraton, intensity, and history of the animal to stress (Papandreou et al., 2011\[[@R32]\]).

GST is present in various tissues and can conjugate ROS with GSH. It plays an important role in protecting tissue from oxidative stress and its levels can reflect the antioxidant capacity of the body (Habig and Jakoby, 1981\[[@R19]\]). In present study, the liver GST activity was significantly increased by both physical and psychological stressors as early as the first day, possibly due to the self-adjusting activity of the body to resist oxidative damage. These findings are in agreement with the results of the previous reports that cold and social stressors significantly increased the activity of GST in various tissues (Kaushik and Kaur, 2003\[[@R23]\]; Nadeem et al., 2006\[[@R30]\]; Yuksel et al., 2008\[[@R48]\]). Our results are inconsistent with those reported a decrease in GST activity in rats exposed to restraint stress for 1-6 h (Zaidi et al., 2005\[[@R49]\]; Atif et al., 2008\[[@R3]\]; Devaki et al., 2011\[[@R13]\]) and immobilization stress for 21 days (Sarumathi and Saravanan, 2012\[[@R40]\]).

GSH is an important non-enzymatic antioxidant that plays a crucial role in the detoxification of ROS (Sahin and Gumuslu, 2004\[[@R35]\]; Ghizoni et al., 2006\[[@R17]\]; Chakraborti et al., 2008\[[@R11]\]). GSH protects essential thiol groups from oxidation and serves as a substrate for glutathione peroxidase and GST. In addition, GSH is involved in maintenance of other antioxidants, such as ascorbate and α-tocopherol. GSH is synthesized in the cytoplasm of the liver cells and then distributed into different organs (Ghizoni et al., 2006\[[@R17]\]; Jafari et al., 2012\[[@R20]\]). In present study, GSH level was decreased in the liver of physical (after 1 day) and psychological (after 1 and 15 days) stress groups. The decreased GSH may be due to the presence of ROS produced by stress, the increased activity of GST enzyme (Figure 5) and limited GSH synthesis (Kaushik and Kaur, 2003\[[@R23]\]; Ghizoni et al., 2006\[[@R17]\]; Jafari et al., 2012\[[@R20]\]). Depletion of GSH leads to oxidized GSH (GSSG) production and finally decreased the GSH/GSSG ratio in different tissues in stressed rats, which is an index of tissue oxidative stress (Samson et al., 2007\[[@R39]\]). Our results are in agreement with the results that have found decreased levels of GSH in various tissues of rats exposed to different stressors (Samson et al., 2007\[[@R39]\]; Chakraborti et al., 2008\[[@R11]\]; Atif et al., 2008\[[@R3]\]; Sarumathi and Saravanan, 2012\[[@R40]\]; Ahmad et al., 2012\[[@R2]\]). However, Ghizoni and coworkers showed that acute restraint stress via the inhibition of nitric oxide synthase led to an increase in GSH levels in the cerebellum after 2 and 4 h of immobilization, but not in the cerebral cortex, striatum, and hippocampus (Ghizoni et al., 2006\[[@R17]\]). Evidences indicate that pretreatment with antioxidants, GSH, alpha-tocopherol and *N*-acetyl cysteine reduced the stress-induced oxidative stress in rats (Liu et al., 1994\[[@R24]\]; Chakraborti et al., 2008\[[@R11]\]).

Lipid peroxidation is an oxidative degeneration of polyunsaturated fatty acids, which causes impaired membrane structure and functions. MDA level, as an important indicator of LPO, indirectly reflects the extent of cellular injury in vivo (Chakraborti et al., 2008\[[@R11]\]; Jafari et al., 2012\[[@R20]\]). The present study showed that MDA content was significantly raised in rat liver following psychological stress exposure on the 1st day of the experiment. GSH depletion may lead to an increased lipid peroxidation, possibly due to the lowering of the cellular defense system against endogenous toxic intermediates (Chakraborti et al., 2008\[[@R11]\]). Numerous studies have shown that exposure to a variety of acute and chronic stress models (e. g., restraint, immobilization, cold and psychological stressors) significantly increased MDA content in various tissues of animals (Kaushik and Kaur, 2003\[[@R23]\]; Sahin and Gumuslu, 2004\[[@R35]\]; Zaidi et al., 2005\[[@R49]\]; Nadeem et al., 2006\[[@R30]\]; Samson et al., 2007\[[@R39]\]; Atif et al., 2008\[[@R3]\]; Devaki et al., 2011\[[@R13]\]; Ahmad et al., 2012\[[@R2]\]). However, acute footshock stress did not change MDA level in male and female rat brains (Uysal et al., 2005\[[@R46]\]). Chronic restraint stress for 21 days led to increased lipid peroxidation in the kidney but not in the liver and heart (Sahin et al., 2006\[[@R37]\]). In addition, psychological stress exposure for 2--16 h significantly increased the content of MDA in the mouse brain via an increase in neuronal nitric oxide synthase activity but had no effect on liver and serum MDA levels (Matsumoto et al., 1999\[[@R28]\]). These inconsistencies in results may be attributed to both the type of model and the duration of stress (Sahin et al., 2006\[[@R37]\]).

Glucocorticoid release in response to stress may play a critical role in activation of catecholamine transmission (Uysal et al., 2005\[[@R46]\]). The plasma corticosterone level is one of the most important indicators of stress (Sahin and Gumuslu, 2004\[[@R35]\]; Sahin and Gumuslu, 2007\[[@R36]\]). In this study, plasma corticosterone level was increased in psychological stress group on the 1^st^ day. A return of corticosterone level to control values in the chronically stressed rats is indicative of possible late adaptation of the animals to stress (Ricart-Jane et al., 2002\[[@R33]\]; Teague et al., 2007\[[@R44]\]; Rostamkhani et al., 2012\[[@R34]\]; Zardooz et al., 2012\[[@R51]\]). The positive correlation between plasma corticosterone and liver MDA level (Figure 2[(Fig. 2)](#F2){ref-type="fig"} and Table 2[(Tab. 2)](#T2){ref-type="fig"}) in psychological stress suggests a probability that the elevation of corticosterone level in response to stress accelerates the generation of ROS leading to lipid peroxidation in the liver (Sahin and Gumuslu, 2007\[[@R36]\]; Tangaraj et al., 2007\[[@R43]\]). Our results are in accordance with the previous studies claiming that exposure to different types of acute stress, including immobilization, restraint and psychological stressors in rats significantly increased plasma corticosterone level (Sahin and Gumuslu, 2004\[[@R35]\]; Tangaraj et al., 2007\[[@R43]\]; Zardooz et al., 2006\[[@R50]\], 2012\[[@R51]\]; Rostamkhani et al., 2012\[[@R34]\]). No change in corticosterone level was reported following chronic stress exposure (Marin et al., 2007\[[@R27]\]; Moretti et al., 2012\[[@R29]\]).

The highest peak in MDA and corticosterone levels and the trough in the depleted GSH content were found in psychological stressed rats on the 1^st^ day. Depletion of GSH and the decrease in the GSH/GSSG ratio may shift cells through apoptosis and necrosis (Jafari et al., 2012\[[@R20]\]). Several studies have shown that stress and high corticosterone levels induce cell death in rat brain (Behl et al., 1997\[[@R4]\]; Manoli et al., 2000\[[@R26]\]). In addition, psychological stress increased *in vitro* apoptosis of peripheral blood T lymphocytes (Sakami et al., 2003\[[@R38]\]; Jun et al., 2008\[[@R21]\]) and in BALB/c mice (Depke et al., 2009\[[@R12]\]). However, further studies are required to investigate the effects of physical and psychological stressors on cell death induction in a variety of tissues using an *in vivo* system.

In summary, exposure to physical and psychological stressors induce the production of ROS and oxidative stress in rat liver due to GSH depletion, increase SOD activity concomitant with decreased or unaltered catalase activity. The elevation of lipid peroxidation and corticosterone levels in situations of acute psychological stress may lead to even more profound oxidative damage than acute physical stress. Moreover, the induction of cell protection in hepatic tissue of chronically stressed rats give strong evidence that counter-regulatory mechanisms are activated to prevent further hepatocyte damage in these animals (Depke et al., 2009\[[@R12]\]).
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